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A time domain oriented technique using periodic func-
tions composed of first order segments was employed in the
development of a real-time interactive computer audio
synthesis system. A general purpose analog computer was
programmed to create non-monotonic function generators
which are used to generate sequences of periodic functions
that can be frequency and amplitude modulated. The system
is appropriate for experiments in psychoacoustics . Explo-
ration of the relationships between the physical and the
perceptual significance of synthesis parameters of the tech-
nique is aided by real-time frequency analysis programs and
an audio output capability. The system includes an inter-
active graphics terminal for conversational I/O and conven-
tional peripheral devices for creating permanent records.
In preliminary testing, the technique and system displayed
promising possibilities. Modifications to explore specific
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Sound communicates information. It is one of the most
important and most widely utilized means by which humans
communicate. But human communication implies not only the
production and transmission of sound, but also the percep-
tion of sound. The accelerated progress of technology in
the fields of electronics and computer science in the last
decade has tended to produce a false confidence in our
practical ability to duplicate or simulate human processes
such as the perception of sound. The results have been
disappointing and expensive. The perception of sound is
one of the most interesting and mystifying of human pro-
cesses and its complexity has been somewhat obscured by its
intimate proximity with human existence. Additional knowl-
edge about this fundamental human process will undoubtedly
prove extremely beneficial to man.
As noted by Beardslee and Wertheimer [3]» even though
perception is one of the oldest areas of research, the work
in perception has not yet yielded a very quantitative set
of laws, and even though there is an emerging number of
principles concerning the perceptual process, it is in many
ways very incomplete. More directly related to the percep-
tion of sound, Green pointed out that the field of psycho-
acoustics is characterized by the lack of any integrative

structure from which to view the rapidly expanding
literature [18].
"The human ear has been the object of numerous
theoretical and experimental studies for centuries,
and almost invariable each conceptual or experimental
advance has put new obstacles in the way of under-
standing what was once thought to be a simple system.
A survey of psychoacoustical literature of the past
hundred years shows clearly how extremely sophisti-
cated the auditory system is, and how new experimental
facts appear to render the development of a complete
theory of hearing more remote." [19]
One of the modern pioneers in the field of psychoacous-
tics, Harvey Fletcher, while recognizing the many aspects
of the perception of speech sounds, divided the principle
aspects into five categories - the interpretive aspect
(recognition of sounds), the loudness aspect, the pitch
aspect, the quality aspect, and the tempo aspect [14].
These groups can also be applied to sounds other than
speech sounds.
The information conveyed by sound, however, is ordinar-
ily not transmitted by isolated sounds, but by a complex
sequence of sounds. The pattern of changes within a se-
quence in one or more of the aspects conveys additional
information. In speech sounds, the juxtaposition of indi-
vidual sounds, or phonemes, creates words, which are grouped
to form phrases and sentences. Similarly in musical
sounds, the connection of several sounds of changing pitch
and tempo creates a melody. While one aspect of the sounds
may remain fairly constant or simply be repeated, such as
the pattern of pitch changes, other aspects such as tone,

tempo, or loudness may undergo changes so as to provide new
information, rather than just repeating previous patterns
(e.g. Ravel's Bolero )
.
A review of the literature dealing with the experimen-
tal analysis and synthesis of sound suggests three general
types of sounds and sequences of sounds - language or speech,
musical, and others not fitting the first two types. Within
each of these three types, each of the aspects suggested by
Fletcher has been, and is, fertile area for investigation
and experimentation. In speech sounds, the emphasis has
been on the quality and interpretive aspects, since the in-
formation is largely a function of the formant structure of
the sounds, with secondary information being supplied by
the loudness, pitch, and tempo aspects. In musical sounds,
the emphasis has been on' the aspects of quality, or timbre,
and on pitch.
The classification of sounds by types and quantitative
descriptions of the aspects of sounds are somewhat arbitrary
and subjective. Speech distorted with noise might be clas-
sified as either speech or noise depending both on the
objective degree of distortion and on the subjective abil-
ity of a listener to extract the speech information. The
drums used in African drum language are capable of trans-
mitting two distinct tones or pitches, which are not used
to transmit vowels or consonants but rather to mimic the
sequence of tones of well known stock phrases [7]. One
who is unaware of the underlying language being mimicked

would classify the sounds as either noise or music rather
than language. Moorer also addressed the general problem
of distinguishing between sequences of speech and musical
sounds [22]. He concluded that the representation of music
by a type of grammar is similar to representing speech by
grammar and suggested that this is an indication that the
production mechanisms are actually closely related. He
also made distinctions between speech perception and the
perception of music, pointing out that in speech the pitch
is of little consequence, whereas in music, pitch and
rhythm are the essence of the piece. While such distinc-
tions may be valid in comparing American music with the
English language, it does not appear that they are univer-
sally valid. Certainly, there are some languages, such as
Chinese, where pitch plays an essential role. One can
also find examples of music where pitch plays a minor role
and quality of tone and rhythm are of primary importance
(e.g. One Note Samba )
.
While a cursory examination of such comparisons between
speech and music might give one the impression that such
pursuits have little practical value, additional investi-
gation and reflection yield more meaningful and productive
insights and questions. For example, consider the following.
"The melody sensation seems to be invariant over a
large class of note-to-sound transformations. Melodies
can be played on instruments that have quite different
frequency transfer characteristics, and still be recog-
nized. Some instruments produce sounds with a rich
spectrum comprising the fundamental and many partials
(stringed instruments); some have little else than
10

the bare fundamental (flute In high register); others
generate spectra having a strong "formant" region
with the result that the lower notes usually lack the
lower partials, including the fundamental (oboe)." [19]
That is, one can translate the pitch of a musical melody and
present the melody with a variety of spectrally differing
instruments, or with a transformation of the spectral for-
mant structure, and somehow the human perception mechanism
is able to extract the information about the melody. In
the perception of speech, a translation of pitch does not
prevent a listener from detecting the information, and yet
a translation of the entire formant structure produces a
different effect. Doubling or tripling the frequency of
all spectral components, such as by speeding up the play-
back of a record or tape recording, produces less recogniz-
able audio presentations. A similar effect occurs with
naval divers using a helium-oxygen atmosphere, where due to
the increased pressure and the change in the chemical com-
position of the atmosphere, the frequency transfer charac-
teristics of the vocal mechanism are altered to produce
speech with transformations of the usual formant structure.
This produces speech that is not readily understood. If
the same, or parts of the same, perceptual process are
involved in both instances, it would be very beneficial to
determine why transformations are possible in one case and
not the other, and how the audio presentations could be




As another example, consider the perception of the sound
of several speakers, speaking different words simultaneously.
When the several voices are combined and presented as a
monophonic source, recognition of information becomes diffi-
cult or impossible. In music, however, polyphonies in
either monaural or stereo forms do not prevent the recogni-
tion of information such as melody or instrument tones. An
observer of polyphonic music is able to listen to several
melodies simultaneously and is also able to consciously
concentrate on only one of the melodies to a degree not
possible in simultaneous speech.
Birds produce sounds that appear to be more musical
than speech-like, and yet some birds have the ability to
mimic human speech. The transfer characteristics of the
vocal tracts of such birds are obviously not the same as
those of the human vocal tract. Comparisons of the formant
structures of the human and bird speech sounds might reveal
different formant structures that are perceptually equiva-
>
lent and provide insight as to why. Such investigations
might be related to Pocht's work in the machine recognition
of speech, which is based on a technique of transforming
mult i- formant speech sounds to single equivalent formants
[15].
The communication system used in the perception of sound
is obviously extremely complex.
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"The interaction of the physical-acoustic phenomena
....with the human intellect is a complicated one.
Perceptions of rhythm, nuance, sound quality, pitch,
etc. depend on several physical parameters in a complex
way and are interrelated with the physiology and
psychology of the listener." [28]
It is, perhaps, the complexity and the vast number of
unknowns in the field of sound perception that make its
investigation both mystifying and interesting. And it is
the importance of sound in human communications and the
similarities and differences in speech and musical sounds





The rapid advancement of computer technology during the
past decade has provided increased opportunity for applica-
tion in the field of sound, so that computers now function
as some of the most powerful tools for the experimental
analysis and synthesis of sound. Analysis and synthesis of
sound are important steps in the investigation of man's
perception of sound, and are prerequisites to understanding
that perception. In the many areas of sound investigation,
analysis has attempted to determine a physical description
of the sound, and synthesis has been employed to test the
accuracy or adequacy of the physical description. Synthesis
can be used to test the significance or insignificance of
various parameters of almost any physical description of a
sound. With regard to musical instrument sounds, Mathews
and Risset have pointed out that in most cases in the past,
the synthesized sounds bore little resemblance to the actual
13

tones [24]. This was due mainly to the fact that most earlier
attempts at analysis were directed mainly at a steady state
frequency analysis, which is understandable in view of the
less developed technology of the past. Today, however, the
vastly improved analog and digital tools available have made
not only better steady state but also transient analysis
and synthesis practical, and have opened the door for the
development of new and better techniques and applications.
For example, Preedman has presented a technique for the
analysis of musical instrument tones that is also applicable
to other acoustical phenomena such as electroencephalogram,
electrocardiogram, and geodynamic signals [16], Slaymaker
has conducted some interesting synthesis experiments with
musical chords using tones having stretched partials, which
have questioned the adequacy of traditional theories of
consonance and dissonance.
"All of the traditional predictability was gone.
The chords sounded smooth and nondissonant but strange
and somewhat eerie. The effect was so different from
the tempered scale that there was no tendency to judge
intuneness or out-of-tuneness. It seemed like a peek
into a new and unfamiliar musical world, in which none
of the old rules applied, and the new ones, if any,
were yet undiscovered." [26]
The growing ease of creating and experimenting with new
scales and tones using computer synthesis may prove to
accelerate man's musical evolution and to broaden and
illuminate human perceptual abilities as yet unused.
Analog musical synthesizers such as the MOOG, the TONUS,
and the BUCHLA BOX are finding increasing application in
14

modern music. Hybrid applications such as Ashton's inter-
active organ-computer communications network [2] are also
developing.
Modern techniques for the analysis and recognition of
speech [8,20,21,27] would not have been possible without
the digital and analog tools available today. The applica-
tion of these tools has also shown how the problem of ma-
chine recognition of speech is much more complex than
originally imagined. Techniques for speech synthesis have
progressed in a similar manner with the technological
advances [13,25].
While the digital analysis of speech and music has cer-
tainly come a long way, it does not approach the ease with
which the human perceptual process analyzes sounds. And
while digital and analog techniques for the synthesis of
sound can create remarkably accurate imitations of speech
and familiar musical sounds, the ease of use and the ability
to practically apply these techniques leave a great deal of
room for development. Additional experimentation with both
speech and musical sounds is required. Hopefully this
experimentation may provide additional data from which more
meaningful and useful quantitative theories of perception
may be derived; and these theories may, in turn, return
information leading to newer and improved techniques and
applications. It was in this spirit that this work was begun.
15

B. PURPOSE AND APPROACH
The goal of this work was to develop an Interactive
hybrid computer system for the real-time definition and
synthesis of simple approximations of periodic and quasi-
periodic audio frequency waveforms. Such a system would
be a worthwhile electroacoustical tool for use in the study
of psychoacoustical phenomena. A system with an interactive
mode of operation would allow the user to vary parameters
of the audio waveforms, or sequences of waveforms, and then
immediately make perceptual observations and evaluations.
By giving the system a frequency analysis capability, com-
parisons between changes in the time domain and resulting
changes both in the frequency domain and the domain of
perception are possible. These features would make the
system not only a worthwhile tool for experimentation but
also a valuable tool for instruction.
Another objective of this work was to test some hybrid
techniques, using the facilities of the Naval Postgraduate
School Electrical Engineering Department's Computer Labor-
atory, for generating the sequences of waveforms. This work
approaches the job of synthesis from a time domain perspec-
tive. Where the waveforms to be synthesized are simple and
periodic, such an approach can be more useful than one that
is frequency domain oriented. Obviously, a triangular wave-
form might be better synthesized with several first order
segments rather than by trying to provide the individual
spectral components. There are also some more complex
16

sounds that can be described more easily and meaningfully
in the time domain. Some musical instrument sounds (e.g.
organ sounds) can be characterized by a simple periodic
waveform, or carrier, that is amplitude modulated by another
simple function. The envelope of the carrier is apparent
from a time domain inspection of the signal but may not be
so apparent from an inspection in the frequency domain.
Periodic audio signals that are characterized in the fre-
quency domain by lower harmonics of small magnitude with a
formant structure in the higher harmonics are most often
viewed as resulting from a filtering process, or a multipli-
cation in the frequency domain. Some signals of this type
can, however, be synthesized by translating a formant struc-
ture centered around zero frequency to a different center
frequency by a process of amplitude modulation, or
multiplication in the time domain.
In general, most synthesis techniques have been oriented
toward a frequency domain perspective; that is, based on a
previous spectral analysis, an attempt is made to generate
a waveform containing the "important" spectral components.
The resulting digital description of the synthesized signal
has usually been a sequence of equally spaced zero order
segments. Another technique, and that pursued in this work,
is to directly generate an approximation of a time domain




C. PROBLEMS AND SOLUTIONS
The technique of time domain synthesis using unequally
spaced first order segments presented several problems.
Non-monotonic function generators that were both easily and
rapidly programmable by the digital computer were not
available. Therefore, one problem was to find a means to
generate the functions. As a solution, function generators
for this work were developed using the general purpose
analog computer components available in the Computer Labor-
atory of the Naval Postgraduate School Electrical Engineering
Department.
Three types of function generators are used in the
system; the primary differences among the three involves the
methods of supplying inputs to the generators. In the first
type of function generator, one D/A channel is used for the
segment slope and another for the breakpoint. A slope and
breakpoint are transmitted to the analog computer and stored
by analog storage devices. The slope and breakpoint values
of the next segment are then transmitted over the same chan-
nels (the channels themselves then act as the analog storage
devices for the next segment). Thus, when switching from
one segment to the next, no action is required by the digital
computer, which has the time between segments to transmit
the next segment values.
The second type of function generator uses two D/A
channels for the current segment slope and breakpoint values
and two different channels for the values of the next segment,
18

Again, when switching from one segment to the next, no
action is required by the digital computer. The advantage
of this method is that switching is faster because no time
is required for the storage devices to track the new values;
however, two additional D/A channels are required.
In the third type of function generator, the slope of
each segment is transmitted on a separate channel and then
stored by an analog component. The segment breakpoints are
then transmitted on the same group of channels. The advan-.
tage of this method is that once the function description
is transmitted to the analog computer, no action is required
of the digital computer between segments.
Another problem was the limited number of analog com-
puter components and D/A channels available. Part of the
solution was the decision to use the three different types
of function generators, each of which is used to generate a
different type of function. The D/A channels and analog
components for each type were allocated on the basis of
expected function period. Less channels and components were
allocated for the generators of functions with longer periods
since the longer periods allow analog computer data to be
transmitted on an "as needed" basis. But, because there
were still not enough D/A channels for the parallel trans-
mission of all the analog information needed, the transmission
process was broken down into a series-parallel operation,
using analog devices to store earlier parts of the transmission,
Since the number of D/A channels and analog computer
19

components required depends on both the number of function
generators and the number of segments in a function, a
decision was made to limit the number of segments in a
function to eight. This decision also involved a compro-
mise between the storage capability of the digital computer,
the number of function descriptions (and their sizes) stored
by the digital computer, and the amount of digital computer
storage required for the system's programs.
Even though the periods of the functions generated are
in the audio range (and usually limited to a maximum period
of one millisecond) , there was still a problem in switching
from one segment to the next. Although the average segment
time (at a one millisecond function period and eight segments
per function) is 125 microseconds, individual segment times
can be much less at the extreme, a segment with infinite
slope has a zero time. The general purpose analog computer
components used for storage and switching from one segment
to the next have a finite recovery time which must not exceed
the time between segment breakpoints. Therefore, restric-
tions (enforced by the digital programs) were placed on the
magnitudes of segment slopes.
In the early stages of testing the system, it was found
that transients in the analog circuitry during the recovery
time often resulted in false detection of breakpoints. To
solve this problem, additional circuitry was devised to




Another difficulty associated with using general pur-
pose analog computer components is the limited usable voltage
range of these components. The analog computer available
in the Computer Lab has a linear range of -100 to +100 volts.
This, together with the 15 bit accuracy of the D/A converter
placed restrictions on the range of values of segment slopes
and breakpoints. These restrictions are recognized by the
system's digital programs. When a user defines a function,
the system checks the definition to insure that the
restrictions are not violated.
Considerations of technical and economic feasibility
have in the past necessitated delegating certain aspects of
audio
.
analysis and synthesis to specialized hardware which
is controlled by a digital computer. For example, in speech
synthesis, an electronic model of the vocal tract is usually
implemented with special hardware. The model's transfer
characteristics are then controlled by a digital computer
to generate the complex analog signals that represent speech.
The function generators for this work were developed using
the general purpose analog computer components available in
the Computer Laboratory. However, the status of solid state
technology is such that specialized hardware for direct
time domain synthesis could be developed.
Another significant obstacle to using the technique of
this work is the lack of psychoacoustical data on how much
approximation is acceptable in the time domain (in producing
21

perceptually accurate or adequate sound) . This represents
an unsolved problem; however, the system itself will be





1 . User Oriented
It was intended that the system developed be as
user oriented as practical, within the constraints of the
available hardware, with the objective of enhancing the
intelligent involvement of the user with the system's oper-
ation. This required that communications between the user
and the system be reasonable rapid and convenient. There-
fore, a graphics terminal was chosen as the primary means
of input and output to facilitate operation in a real-time
interactive mode. The graphics terminal allows inputs to
be either typed or entered on the terminal CRT with a light-
pen and it displays information on the CRT in textual and
pictorial forms. The graphics approach is advantageous not
only from the point of view of speed and convenience, but
also because of Its ability to display pictorial information,
which is often perceptually more informative than numerical
data.
A user oriented input language was incorporated to
make the system's use more convenient and understandable.
A limited vocabulary of easily understood command words
allows the user to conveniently instruct the system to per-
form specific operations. The system converses with the
user by displaying the possible operations or commands from
23

which the user may choose, and by prompting the user to
respond with an input.
Efficient utilization of the system required that
it be capable of recovery from input errors. Invalid com-
mand words or numerical inputs outside of allowable ranges
are, therefore, ignored by the system, which does not
proceed until a valid input is received.
2. Permanent Records
While the graphics terminal provides speed and con-
venience, it lacks the ability to provide permanent records
for future use or study. Therefore, the system provides a
means for generating permanent and semipermanent records
using the line printer, magnetic tape units, and magnetic
drum. The line printer is used to create plots of pictorial
data (originally displayed on the CRT) and to print tabula-
tions of numerical data. Magnetic tape and drum are employed
to store a user's definitions for later use.
3. Simple Time Domain Models
The system uses simple time domain models of peri-
odic functions. There were several reasons for this deci-
sion. First, some signals, or characteristics of signals,
are more easily or better described in the time domain than
in the frequency domain. Specifying the coordinates of the
breakpoints of a square or a triangular waveform is easier
and more descriptive (perceptually) than providing the
Fourier series for the waveform. Characteristics such as
attack and decay of musical instrument sounds or the formant
24

trajectories of speech sounds are more meaningfully de-
scribed in the time domain. The system uses simple models
that consist of eight connected straight line segments to
approximate more complex time domain waveforms. Figure II-l
illustrates such an approximation of a sinusoidal waveform.
Simple models are, naturally, easier to describe. Since
less" data is needed to describe them, data storage is more
economical, data transmission (during the process of synthe-
sis) is reduced, and data processing time is decreased.
This facilitates real-time interactive operation. Several
signals using different simple models can be connected
together to create a sequence of signals and models can be
multiplied together to modulate the amplitude envelope of
one of them. A final reason for the choice of simple models
was the limitations imposed by the amount of analog and
digital hardware available.
While it is possible to determine the physical
accuracy of approximating a more complex waveform with a
simple model, such an analysis does not describe the per-
ceptual accuracy or adequacy of the model; that is, how
well or how adequately the simple model imitates the per-
ceived sound of its more complex counterpart. It was in-
tended that the system could be used to investigate this.
4. Frequency Analysis
The system provides a limited degree of frequency
analysis of the signals created with the models defined by
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to the audio presentation of the synthesized signal, and it
provides a tool for comparing changes in the time domain
parameters with the corresponding changes that occur in the
frequency domain.
5. Signal Output
The actual synthesis of the signals is accomplished
by the analog computer, under the control of the digital
computer. The analog voltage representing the signal out-
put is available for viewing on an oscilloscope or for con-
nection to an audio amplifier (for immediate observation)
or to a tape recorder (for a permanent audio record). Minor
changes in analog computer components allow time scaling of
the signals to facilitate analog plotting of the signal out-




1. Major Hardware Components
The major components of the Electrical Engineering
Department Computer Laboratory that are used in the system
are briefly described below. More detailed information may
be found in Refs. 1, 9, 31, and 32.
a. XDS 9300
The XDS 9300 is a high-speed, general purpose,
digital computer with a 1.75 microsecond cycle time. It
uses 24-bit words and has a 32K word core memory. It is
supported by a magnetic drum with a 524K word capacity, two
28

magnetic tape units, a card reader, a high-speed line
printer, and a teletypewriter.
b. COMCOR CI-5000
The COMCOR CI-5000 is an analog computer with a
large selection of analog elements and a full complement of
digital logic.
. c. ADAGE AGT/10
The ADAGE AGT/10 is a small general purpose
digital computer using 15-bit words with an 8K memory.
Typical Instruction times run five to six microseconds. The
AGT/10 incorporates a cathode ray tube (CRT) for the display
of graphics' and text, and is further supported by a
teletypewriter and a magnetic disc for secondary storage.
d. Interface
The three major components above are interfaced
by a high speed data channel and conversion equipment. The
transfer rate is 250,000 words/second to the XDS 9300, and
160,000 words/second from the XDS 9300.
2. Software
a. Language
The programs for the system were written pri-
marily in XDS FORTRAN IV, although some of the programs con-
tain a mixture of FORTRAN and assembly language, which is
permissible in XDS FORTRAN IV. Assembly language instructions
were incorporated primarily where speed of operation was




Since the length of the system's digital pro-
gram exceeded available core, the program was segmented and
overlayed as shown in Figure II-3 below.
C. COMPOSITION OP SYSTEM AUDIO OUTPUT
In this section, the audio output of the system is de-
scribed. The output consists of a sequence of user defined
signals. Basically, each signal consists of a periodic wave
function, analogous to a carrier, that is amplitude modulated
and frequency modulated by other functions. The duration,
amplitude, and the frequency of the periodic wave function,
as well as the function itself, are defined by the user.
The amplitude and frequency modulation functions, and their
periods, are also defined by the user. Individual signals
are then joined to form a single main sequence. Up to 100
subsequences of the main sequence may be joined in any order
and synthesized.
1. Element Types
There are eight types of elements. The elements of
any one type may differ among themselves, but still have a
common general form. Individual signals are defined by one
element of each of the types. The element types are
described below and summarized in Table II-l.
a. Duration
The elements of this type are used to specify
the time length of a signal.
30

































The elements of this type are used to specify
the relative audio strength of a signal.
c. Periodic Wave Function, Amplitude Modulation
Function, and Frequency Modulation Function
The elements, or the functions, of each of these
types are made up of eight connected straight line segments.
The functions conform to the following form.
8
f(t) = c + I a, -[t-d ][U(t-d ) - U(t-d )]
1=1 x x x xt-x
where T = period, d, = 0, d n = T, d. < d. ,. , and U = thef 32. ' 9 * x i+l'
unit step function. An example is shown in Figure II-l.
The functions are defined and stored in a non-frequency, or
time normalized format.
d. Frequency
The elements of this type are used to specify
the frequency of the periodic wave functions.
e. A.M. Function and F.M. Function Time Scales
The values of the elements of these types are
specified at the time a signal is defined and they are used
to specify the relative frequencies of the A.M. function
and the F.M. function of that signal.
2. Main Signal Sequence and Signal Definition
The main signal sequence consists of one or more user
defined signals, each described by the eight element types
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by the user, it is placed after the previous signal to form
a single main sequence. Prom this main sequence, a part
(or subsequence) or parts (a group of subsequences) may be
selected for synthesis.
There are two ways in which the actual definition
of a signal may be made by the user. The first way is by
specifying one of each of the types of elements. The second
way is by specifying less than eight of the element types.
When the second way is used, the system assumes that the
elements of the types not specified are to be continuations
or duplicates of the corresponding types of the previous
signal synthesized.
There were two reasons for incorporating this dis-
tinction into the system. First, it reduces the amount of
data that must be entered and stored to describe a signal
when some of its elements are the same as those of the pre-
vious signal. Second, when the element type continued is
one of the functions, it allows that element to continue
uninterrupted from one signal to the next.
3. Subsequence Group
When the user elects to execute the actual synthesis,
he may specify up to 100 subsequences of the main sequence.
The subsequences will then be synthesized in the order spec-
ified. Thus a long string of signals that has repeating parts
may be created at execution time without the need for re-
peating the definitions of the duplicated parts in the main
sequence. The grouping information is not stored permanently,
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however; therefore, each time the synthesis is executed,
the grouping information must be respecifled.
D. FREQUENCY ANALYSIS
For computing the frequency spectrum of the periodic
wave and the A.M. functions, an FFT (fast Fourier transform)
version of the discrete Fourier transform is utilized.
Since the functions used are considered to be periodic,
their Fourier series expansions are of the form
x(t) = l c(n) exp[2iTi(nt/T)]
n=-<»
where the c(n) are given by
T
c(n) = 1/T / x(t) exp[-2iri(nt/T)] dt
and T is the period of the function.
The function x(t) may be sampled at N equally spaced
points between and T to generate the sequence x(jAt),
where At = T/N. The equation for the sampled function is
then
N-l
x(jAt) = I c (n) exp[2TTi(nj/N)]
n=0 p
Using the properties of the discrete Fourier transform [10]
it can be shown that the function x(jAt) has the finite




P k = _co
Since the exact Fourier series in infinite, it is nec-
essary to make N large enough so that the aliasing error
introduced by approximating c(n) by c (n) is reduced to an
acceptable level. When this is done, then c (n) ~ c(n) for
n = 0,1,2,3, ,N/2.
As discussed in Ref. 6, the errors that are possible in
calculating the discrete transform are those due to aliasing,
those due to the finite precision of the computer, and "leak-
age" errors. An accumulated computational error occurs in
evaluating the transform due to the imprecision with which
the data and the intermediate computational results are
represented in the computer. Reference 17 explains that this
error is significantly reduced by the utilization of the
FPT and floating point arithmetic; the FFT algorithm computes
the discrete Fourier transform using only 2N log ? N opera-
2tions, rather than -the N operations previously required
for the direct evaluation of the discrete Fourier transform.
As discussed in Ref. 6, if the sample period of the
function being transformed is truncated in such a way that
it contains cisoidal components that do not repeat an
integral number of times in the sample period, or are dis-
continuous at the end of the sample period, a "leakage"
error will occur in the frequency analysis. This problem
can occur when using the system to find the spectrum of a
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periodic wave function amplitude modulated by an A.M. func-
tion when the ratio between the periods of the two functions
is not an integer value.
To generate samples for the FFT, the system uses the
coordinates of the breakpoints of the segments of the
function to calculate the slope of each segment. It then
calculates function values between the breakpoints. When
a single function is to be transformed, 512 points are used
in the sample period. When the transform of a periodic wave
function multiplied by an A.M. function is to be calculated,
the periodic and A.M. functions are sampled individually,
the samples are multiplied, and the transform is then taken.
This eliminates the need for a complex convolution in the
frequency domain. For this case, a sample size of 1024 is
used.
An important determination in the application of the
discrete Fourier transform is that of the sample period.
This does not present a serious problem when the signals
being considered are steady state or when the spectral sta-
tistical properties of the signal are reasonably constant
over a determined sample period (and the average spectrum
is what is sought). However, where the various spectral
components change with time, this can be a serious problem.
When the signals represent sound, the problem is even greater
because the Fourier analysis must have meaning with respect
to the perceived sound. In sound, one is often interested
in how the frequency spectrum changes as a function of time
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(with a particular sample period) . Until more is known about
the process of human perception of sound, this will continue
to be an area for investigation.
While frequency analysis was not intended to be the
major purpose of this work, the problem described above was
recognized. The system's programs do allow the user to
set the period over which a signal is analyzed so that changes





A. SYSTEM COMMAND LANGUAGE
The user converses with the system, via the graphics
terminal, by using special system command words. The system
displays a list of alternatives from which the user may
choose and prompts the user to indicate his choice by en-
tering a specific command word followed by a C/R (carriage
return). The system then responds by either performing the
indicated operation or by providing additional directions
to the user and requesting additional inputs. Command words
that are not a part of the system's vocabulary are ignored.
All data is entered by the user in integer format and ter-
minated by a comma and a carriage return; decimal values
must be multiplied by a scale factor (given by the system
during use) to make them integer valued.
The operation of the system can be best explained by a
discussion of the consequences of entering specific command
words. Initially, the user is presented with a display of
primary operations and is asked to make a choice. The re-
sults of choosing each of the primary operations is discussed
below. In each case in the following descriptions, command
words and other parameters are entered by the user at the
explicit direction and guidance of the system. To terminate




The system responds by displaying a list of five
types of elements the user can predefine (periodic, A.M.,
P.M. functions, amplitudes, and frequencies) and requests
the user to choose one of the types,
a. Functions
If the type chosen is one of the functions, the
system asks the user to specify the number of the element
(0 through 9). When a valid number is received, the system
displays the function selected and asks the user whether he
wishes to modify the function by using the light-pen or by
typing the coordinates of the breakpoints of the segments
of the function (initially the functions are initialized to
the pseudo-sinusoidal waveform shown in Figure II-l). The
user responds by typing a T for typed input, an L for light
pen input, or a C/R to erase the display and select a dif-
ferent numbered element. When typewritten input is selected,
the system displays the X and Y coordinates of the function
segment breakpoints along with the graphical display of the
function and prompts the user to input the coordinates of
each breakpoint. As each X and Y value is typed, the coor-
dinate list and the function-display are updated (if the user
does not desire to change an X or Y value, he may type a C/R
and the system advances to the next value). If, in the pro-
cess of modification, the user wishes to copy the displayed




When the user has completed the definition, the
system examines the definition for errors (such as segment
slope .magnitudes outside of allowable ranges). If errors
are detected, the system restores the original function and
the user must reenter his definition. If no errors are de-
tected, the system normalizes the X values of the function
so that the largest is 1000 units. The user also has the
option to normalize the Y values.
At this point, the user may change his definition
by again typing T or L as discussed before.
b. Frequencies
When the frequency type of element is chosen,
the user is presented with a display of the current values
of the 72 frequency elements and is prompted to select one
of the elements and then enter its new value. As each of
the frequency elements selected is defined, the display is
updated and the user is requested to select another element.
c. Amplitudes
The process of defining, or changing, amplitude
elements is similar to that of the frequency elements,
except that the current values are not displayed.
2. Find Spectrum
The system responds by asking the user whether he
wants to find the frequency spectrum of a single function
or of a periodic wave function amplitude modulated by an




Prompted by the system, the user then chooses
either a periodic wave function or an AM function and spec-
ifies an element number (0 through 9). After valid inputs
are received, the system calculates the magnitude and the
phase of the discrete frequency spectrum. The system then
asks the user how many values, or points, of the calculated
spectrum he wishes to display (he may choose between 5 and
399 points). A graphical display of the spectrum is then
presented on the CRT. If the function being analyzed is
considered to be periodic, each spectrum value displayed
corresponds to an harmonic of the function, with the first
value corresponding to the dc component. Being able to
specify the number of points of the spectrum to be displayed
is useful when the relevant information in the spectrum is
concentrated in the lower harmonics. If the total calculated
number of points were always displayed, the significant
information might be bunched so closely in the display that
it would be too difficult to view.
(1) Options . The user has several options in
finding the frequency spectrum of functions. By following
system direction he may set the period over which the func-
tion is analyzed to a value less than a full period of the
function. He may also set the period of analysis equal to
the period of the function, but truncate the function at a
point less than a full period. A combination of these
options is also possible.
42

(2) Plot . After a display of the frequency
spectrum is presented, the system asks the user if he wants
a line printer plot of the spectrum magnitudes being dis-
played. A sample plot is shown in Figure II-2. If the
user elects to simply continue, the system again asks the
user how many points are to be displayed.
b. Product of Two Functions
The system asks the user which periodic wave
function is to be modulated by which AM function, and the
ratio between the two. Operation then proceeds as for
single functions.
3. Define Signal
The system responds to this choice by presenting
the description of the last signal defined on the left half
of the CRT and a list of the eight element types to be spec-
ified for the new signal on the right half of the CRT. The
user may specify each new element in one of four ways.
In the first way, the user specifies the element by
its number (if it is one of the predefinable types) or by
its value (if it is an AM or FM time scale or duration
element)
.
In the second way, the user types a C/R. When this
occurs, the element is assumed to be a continuation of the
corresponding element type of the previous signal. This
makes specification of the new signal relative to the pre-
vious signal, and changing the previous signal would also
change the new signal. During synthesis, it is relative to
the previous signal synthesized.
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In the third way, the user types the letter R and
the system copies the specification of the corresponding
element type of the previous signal defined. It often is
easier to type an R than to type element numbers or values.
Once an element is specified in this way, changing the
previous signal will have no effect on the new signal.
The fourth way is by typing the letter C. It is
equivalent to typing a C/R for all element types not yet
specified for the new signal.
When all of the elements of the new signal have
been specified, the new signal definition replaces the old
display on the left half of the CRT and the user is invited
to define another signal.
4. Delete Signal
This choice is used to delete a signal from the
main sequence of user defined signals. The user is asked
to identify the number (within the main sequence) of the
signal, and the system responds by deleting the signal and
decrementing the numbers of all successive signals by one.
The system then invites the user to select another signal.
5. Insert Signal
This choice is used to insert a new signal between
two previously defined signals in the main sequence. Follow-
ing system directions, the user identifies the old signal
after which the new signal is to be inserted. The old sig-
nal is then displayed on the left half of the CRT and the
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user defines the new signal to be inserted in the manner




The user identifies a previously defined signal
and the system responds by displaying the element speci-
fication of the signal on the CRT. The user is then
invited to identify another signal.
7. Print
When this choice .is entered, the system responds by
displaying a list of secondary choices. . The results of
selecting each are discussed below.
a. Amp, Print; Freq, Print
When one of these choices is selected, the
system produces a listing of the values of the elements of
the type chosen on the line printer.
b. Sig Seqn, Print
This choice is used to obtain a line printer
listing of the descriptions of one or more of the signals
in the main signal sequence. The listing is produced after
the user inputs the first and last signals whose definitions
are to be listed.
c. Functions
The last four secondary choices are used to
obtain line printer plots of any of the eight-sement func-
tions. The last choice is used to obtain plots of a peri-
odic wave function modulated by an AM function. Sample
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The Store command is used to transfer user defini-
tions of signals and signal elements to the magnetic drum
for semipermanent storage. Space for 25 files, or 25 sets
of user definitions, is reserved on the drum. After the
user specifies the file number, the system writes the in-
formation on the drum without removing it from core, and
then returns to the list of primary operations. The file
may be recalled later or transferred to magnetic tape.
9. Recall
This choice is used to recall all or part of the
user definitions stored in one of the previously discussed
files on the drum. The user may recall the main signal
sequence or any of the element definitions stored in the
file by following system directions, and could select dif-
ferent element types from different files and then store
the combination in a new file.
10. Tape
The Tape command is used to transfer the files of
user definitions on the drum to permanent storage on
magnetic tape.
11. Drum
This command is used to read files stored on
magnetic tape and transfer them to the drum.
12. Execute
The Execute command initiates the actual synthesis
of the user defined signals. Any number of the following




Just prior to synthesis, a listing of the main
sequence numbers of the first and last signals of each
subsequence is written on the line printer.
b. Last
Ordinarily when the last subsequence of a group
has been synthesized, the entire group is repeated until the
user halts the synthesis process. However, when the Last
option is specified and when the last subsequence has been
synthesized, only the last subsequence will be repeated.
c. Alternate
When a group of subsequences has been selected
for synthesis and the Alternate option is specified, the
last subsequence of the group is alternated with each of
the other subsequences during execution. For example, the
last subsequence may be one in which the functions of all
of the signals are not directly specified (but are continu-
ations of the functions of a signal in a different subse-
quence). The other subsequences could consist of only one
signal each, with the functions directly specified. This
would result in the synthesis of several sequences (each a
combination of one subsequence and the last subsequence)
that were the same except for the first signal and the
functions.
d. Envelope
During the synthesis process, the AM function
is ordinarily treated as though it is periodic; that is,
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when the last segment of the function has been synthesized,
the synthesis then restarts with the first segment again.
However, if the Envelope option has been specified, the
slope of the last segment of the AM function is maintained
until a new signal is begun.
e. Music
When this option has been specified, the AM
function is initialized for each signal during synthesis.
This option is useful in the synthesis of musical sequences
where it may be desired to have each signal represent a
note of a melody, and to have the AM function simulate the
attack and decay characteristics of a musical instrument.
Using this option, it is unnecessary to specify an AM func-
tion for each signal during the signal definition process.
All that is required is to specify the AM function for the
first signal of the sequence. That function would be used
and reinitialized for each signal during synthesis until a
new AM function were specified in the sequence.
13. Comment
The purpose of this choice is to allow the user to
record comments on the line printer, which is useful in
making notes concerning the other material being printed.
The Comment command may be used at three places in the pro-
gram - when the list of primary operations is displayed,
at the list of secondary choices obtained by entering the
Print command, and at the option list obtained by entering
the Execute command. After the Comment command has been
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received, each line of text entered on the AGT typewriter
is transferred to the line printer, with three exceptions.
When the word TOP is entered as the first word of a line of
text, the line printer will skip to the top of a new page;
when STAR is entered, a row of asterisks is printed; when
END is entered, the Comment operation is terminated.
14. Clear
The Clear command is used to erase the main signal
sequence when deletion signal by signal is inconvenient.
15. Step
This choice is used to define a group of ten fre-
quency elements, whose successive values increase by a fixed
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16. Octave
This choice is used to define an octave of frequency












The purpose of this section is to briefly outline the
manner in which the digital computer program handles the
data to be used by the analog computer synthesis.
1. Element Type Data
For each of the function elements (periodic wave,
AM, and FM functions), two arrays of eight words each are
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reserved. One of these arrays is used to describe the
slopes of the eight segments of the function; the other is
used to describe the eight breakpoints. The first 15 bits
of each word specify the analog value to be transmitted to
the analog computer; the last nine bits identify the channel
over which the value will be transmitted. Since the digital
to' analog converter eventually requires the data to be con-
verted to this format, processing during synthesis is reduced
and computer core is conserved by storing it in this form
initially. The data for the other signal elements is stored
in a similar format, except for the duration elements, which
are not converted to analog signals but are used in a digital
form.
2. Main Signal Sequence Data
An array (ISIG) of 1000 words was reserved for the
description of the main signal sequence. At the bottom of
the array, each word corresponds to an individual signal
and is used to partially describe that signal and to point
to additional descriptive information. Words at the top of
the array contain the additional descriptive information.
To illustrate how this is done, refer to Figure III-3
and to the following example. The first twelve bits of
word number one are used as a pointer to the start of addi-
tional information about signal number one at the top of
the array. In this case, the value of the pointer is
(1750)g = (1000) 1Q . The last eight bits of word number






(a) Array ISIG Sample Data
(1000) (377)10 ^">8
(0992) 1Q (010)g
(099D 10 (157) 8
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Periodic Wave Function #5
(b) Binary Form of Word Number One
11 16 23
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PERIODIC WAVE FUNCTION BIT
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defined for signal number one. A one in bits 16 through 23
indicates that the element has been defined; a zero indi-
cates that the corresponding element of the previous signal
synthesized is to be continued. For signal number one, all
eight elements have been defined. The number of one-bits
in bits 16 through 23 also tells how many words at the top
of the array are associated with the signal, with the pointer
identifying the first of these words.
To continue the example, word number two points to
the information at the top of the array describing signal
number two. Only the frequency element of signal number
two differs from the elements of signal number one. Thus,
only a single bit of the last eight bits of word two is a
one, and the pointer points to the word at the top of the
array which identifies the new frequency (word 992).
From the description above, it can be seen that the
maximum number of signals that the main sequence will con-
tain is not fixed, but depends on the sum of the number of
elements defined for the individual signals.
Just prior to the actual synthesis of signal number
one, the information in word number one is unpacked and used
to locate the description of the elements of the signal.
When the description has been located, the actual analog
values fully describing the elements are retrieved and are
placed in special arrays to be used by the digital to analog
converter and the data channel. To accomplish the actual
conversion and transmission, these special arrays are
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identified to the converter with special assembly language
instructions [31].
While signal number one is being synthesized by
the analog computer, word number two of ISIG is unpacked
and processed in a similar manner. When signal number one
ends, signal number two is converted and transmitted. Then
signal number three is processed, etc. Additional information
describing the synthesis process is contained in Section IV
and in the computer program.
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IV. ANALOG COMPUTER CIRCUITS
A. FUNCTION SEGMENT SLOPE SWITCHING
Refer to Figure IV-1. The eight segment slope values
of the normalized periodic wave function are transmitted by
the digital program to terminals T^20 - T427. Each slope
value is attenuated (by 50%) by a potentiometer to reduce
switching transients and is then fed to a digital-analog
switch. The top four switching components shown are COMCOR
amplifiers specifically designed for switching; the bottom
four switches are combination summer-integrators used as
switches by patching the inputs to the IC (initial condition)
terminals of the integrators and deleting the integrator
feedback capacitors. Switching is effected by means of the
reset-compute mode controls. An end-around shift register
(Figure IV- 8) is used to switch in one segment at a time to
generate the function. The normalized function segment
slope values may be further attenuated by potentiometer
P407 before being sent to M003 where they are multiplied
by the composite frequency signal (see Figure IV-4).
B. FUNCTION SEGMENT BREAKPOINT STORAGE AND SWITCHING
The breakpoint values of the segments of the normalized
periodic wave function are transmitted to terminals T420 -
T*I26 by the digital program and are attenuated (by 50$) by
potentiometers (see Figure IV-1) and then fed to track-hold
networks (refer to Figure IV-2). The top four track-holds
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shown in Figure IV-2 are COMCOR components specifically
designed for that purpose; the bottom three are integrators
used as track-holds by patching the inputs to the initial
condition terminals of the integrators. Both types of com-
ponents function equally well but require different logic
inputs to perform the track and hold functions. The break-
point of the eighth segment is zero and requires no input.
The breakpoint values are tracked for approximately 500
microseconds and are then held. Storing the breakpoint
values with track-hold networks allows the same terminals
(T420 - T427) and potentiometers to be used for both the
slopes and the breakpoints of the function segments. This
economy was necessary because of the limited number of
channels in the digital-analog converter.
The breakpoint values are switched into the function
generator circuit (Figure IV-4) one at a time by the digital-
analog switches, which are controlled by the end-around
shift register mentioned in the previous section. The
breakpoint values can be further attenuated by potentiometer
P4ll, which functions as a time scale adjustment. Increasing
the amount of attenuation increases the frequency of the
generated function and decreases its magnitude. The output
of P4ll is then applied to the function generator circuit
(Figure IV-4).
C. PERIODIC WAVE FUNCTION GENERATOR CONTROL LOGIC
Refer to Figure IV-3. Before transmitting the breakpoints
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a zero logic signal to T022. This puts the track-hold
networks (A0l4, A024, A034, A042, A031, A037, and A045) in
the track mode and causes DF12 to generate a pulse to reset
the shift register. A031, A037, and A045 are combination
summer-integrators used as track-holds, which accounts for
the difference in logic signal between them and A014, A024,
A03^j and A042. The breakpoints are then transmitted. The
pulse generated by DP12 is long enough to insure that the
track-holds have tracked the breakpoint values. The program
tests T133 to determine when the tracking is complete. When
it is, the program tests TI36 to determine when the track-
holds have switched to the hold mode; DF13 generates a short
pulse to allow the transition to the hold mode. When the
hold mode is detected, the slopes of the segments of the
periodic wave function are then transmitted.
D. PERIODIC WAVE FUNCTION GENERATOR
Refer to Figure IV- 4. The normalized segment slope
values of the periodic wave function are fed to multiplier
M003 where they are multiplied by the composite frequency
signal from A011 (Figure IV-12). A025 integrates the output
of M003 to generate the segment. Unlike the FM and AM func-
tion generators, the periodic wave function generator com-
pares the "X" (or time) value of the segment with the
corresponding breakpoint value to determine when the segment
breakpoint has been reached. This is accomplished by inte-


























to generate a sawtooth timing voltage, whose value is pro-
portional to the "X" value of the periodic wave function;
the period of the timing voltage is determined by the fre-
quency signal. Only one of the timing signal integrators
is used at a time, each integrator being used on alternate
cycles. This toggle arrangement was necessary because of
the time required to reset an integrator at the end of a
cycle (one integrator is being reset while the other is
being used). Switches AO63 and AO65 are used to isolate the
integrator being reset. For the first seven segments of the
function, the timing voltage is compared with the breakpoint
.values in either comparator Cll or C12 to determine when the
breakpoint has been reached. When a breakpoint is detected,
the values of the next segment are switched into the
generator circuit and the old values are disconnected.
This technique of using a separately generated timing
voltage provides no positive control over the output voltage
of A025; without some control, a small bias or noise at the
input of A025 would cause the dc value of the output to
drift over a number of cycles, and eventually A025 would
overload. Therefore, to provide control over the output of
A025, the "Y" value, rather then the "X" value of the eighth
breakpoint of the function is used for breakpoint detection.
Since the "Y" value of the eighth, or last, breakpoint is
always zero, each wave period is automatically compensated
for any dc drift.
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E. TIMING SIGNAL GENERATOR LOGIC
Refer to Figure IV-5. Each time the slope and break-
point values of the first segment of the periodic wave
function are switched into the function generator circuit,
the input to N124 (from the shift register of Figure IV- 8)
causes the outputs of D05 and D15 to reverse states. As
long as the circuit is not disabled by a zero input from
D04, D05 and D15 are always in opposite states. The circuit
is used to switch between the timing voltage generators
of Figure IV-H.
F. PERIODIC WAVE FUNCTION GENERATOR BREAKPOINT DETECTOR
Refer to Figure IV-6. For the first seven segments of
the function, the function timing signal is compared with
the negative of the segment breakpoints in comparators Cll
or C12 (the upper half of the circuit is disabled by a zero
input from FF08). When a breakpoint is reached, the output
of N422 changes from a logical one to a logical zero; the
same change of state occurs at the output of N127. The
output of N127 is fed to the pulse generator circuit shown
in Figure IV- 7
.
For the eighth segment of the function, the lower half
of the circuit is disabled by a zero signal from FF08'
(other zero inputs to N422 will also disable this part of
the circuit) and the upper half of the circuit is enabled.
The upper half (C06, Cl4, N207, N212, and N412) is used to















breakpoint of the eighth segment). Its operation is
described in the section explaining the operation of the
breakpoint detector of the AM function generator (Figure
IV-10).
When the analog computer is in the reset mode, a signal
from Rl' (through N202 and D04) disables the breakpoint
detector circuit and places integrator A025 in the reset
mode. The same thing is accomplished by the digital program
by sending a zero logic signal to T021.
G. SHIFT PULSE GENERATOR
Refer to Figure IV- 7. Each time the breakpoint of a
segment of the periodic wave function is reached, the
breakpoint detector triggers delay-flop DF06, which gen-
erates a 15 microsecond pulse that is fed to the segment
shift register (Figure IV-8). The circuit also serves two
other functions. First, it feeds back a signal (from N106)
to the breakpoint detector to disable it during switching
from one segment to the next and long enough for the detec-
tor comparators to recover. This was necessary to prevent
false triggering of the detector. Experimentally it was
determined that a minimum of about 65 microseconds was re-
quired for this. Second, an additional delay is required
to allow the delay-flops to recover; a minimum of 10 micro-
seconds delay after the output of the delay-flop returns to
zero Is necessary. To provide these delays and to prevent































































is shown in Figure IV-7. The pulse from DF10 overlaps that
of DF06 to maintain a continuous zero output at N106 for
the minimum 65 microseconds and is necessary because of the
transient that may occur when DF06 and DF07 change state
together.
H. SEGMENT SHIFT REGISTER
Refer to Figure IV- 8. The periodic wave function seg-
ment shift register is used to control the connection of
the segment slope and breakpoint values to the function
generator circuit. A signal from DF12 initially sets the
first bit of the shift register and resets all others. With
only the first bit "on," only the values of the first segment
are connected to the function generator. When the breakpoint
of the first segment is reached, the breakpoint detector
and pulse generator circuits (Figures IV-6 and IV-7) gener-
ate a pulse that shifts the "on" bit to the second position
in the shift register, disconnecting the first segment values
and connecting the second. The output of the last position
of the register is returned to the register input to provide
end-around shifting that makes the generated function
periodic.
I. AM FUNCTION GENERATOR
Refer to Figure IV- 9. The analog signals present at
T^31 and T407 are the slopes of the alternate segments of
the normalized AM function. At T430 and T^06 are the







































of the function appears at T^32. Potentiometers are used
to reduce analog voltages to one half of their original
values to reduce undesirable transient effects that occur
when switching from one segment to the next. A001 and A007
function as toggle switches to select the proper segment,
depending on the logic signal from D13. These two-position
switches were created by using summer-integrators. One input
is patched to the initial condition terminal of the integra-
tor and the other to a normal input; the feedback capacitor
is deleted. When the integrator is in the reset mode, the
initial condition input is selected; when the integrator is
in the compute mode, the other input is selected.
The normalized slope value of the segment being gener-
ated is multiplied by the AM function time scale element in
multiplying digital to analog converter MDA1 and the product
appears at T4'01. The slope value is then fed to integrator
A055 which generates the setment. The segment value, break-
point, and slope sign are directed to comparators C04 and
C05, which together with the other AM function generator
logic components detect when the segment value reaches the
breakpoint. When this occurs, the logic signal from D13
changes state and switches A001 and A007 from the (N)th to
the (N+l)th segment. While the new segment is being gener-
ated, the values of the next segment are transmitted to
the unused poles of the switches by the digital program.
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The time scale of the AM function may also be adjusted
by P^Ol. Decreasing the setting of P^Ol has the effect of
decreasing the period and the amplitude of the function.
The generated function appearing at the output of A055
is then multiplied by the amplitude element in MDA2 and the
product appears at T*I02. Prom there it is directed to
multiplier M004, where it is multiplied by the periodic wave
function from A025. The output of M004 is the final
modulated signal.
J. AM FUNCTION GENERATOR BREAKPOINT DETECTOR
Refer to Figure IV-10. This circuit is used to detect
when the value of a segment being generated reaches the
breakpoint of that segment. Since the functions being gen-
erated are not monotonic, this can occur under one of four
possible conditions - with the slope positive or negative
and the breakpoint positive or negative. The states of the
outputs of the comparators C04 and C05, before and after
the breakpoint is reached, for each of the four possible
conditions is shown in the table accompanying Figure IV-10.
The output required from the circuit was a change of state
from a logical one to a logical zero when the breakpoint
was reached. From the state table, it can be seen that the
appropriate equations for the output are
N421' = CVC5' + C4 C5 and N421 = C4 C5' + CVC5
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N421 = ((CH C5') 1 (CV C5)*)' •
The first term on the right hand side of the equation is
the output of N221 and the second term is the output of
N220. The inputs to N*J21 from N103 and FF07 are used to
disable the breakpoint detector. Including them, the
equation for the output of N421 is
N421 = (N220 N221 N103 PF07)'
= N220' + N221' + N103' + FF07'
This circuit configuration is also utilized in the FM
function generator and the periodic wave function generator.
K. AM FUNCTION GENERATOR LOGIC
Refer to Figure IV-11. The output of the breakpoint
detector appears as an input to DF05. DF05, DF04, and DF03
function in the same manner as the pulse generator circuit
of the periodic wave function generator (Figure IV-3).
Delay-flop DF05 generates a 25 microsecond pulse that is
fed through N205, N405, Dl6, and N105 to reset FF07- The
output of FF07 is fed back to N421 to disable the breakpoint
detector; it is also fed through buffering gate N206 to T130
where the digital computer program tests the state of the
flip-flop to determine if the breakpoint has been reached.
The output of Dl6 appears as an input to FF03, causing it
to change state. This causes A001 and A007 to switch to





computer program has determined that the breakpoint has
been reached, it tests terminal T127 to determine when the
25 microsecond pulse from DF05 is complete. When it is,
the digital program sends a pulse to T016 to set FF07 5 which
rearms the breakpoint detector when the output of N103 has
returned to the one state. When changing from one function
to another, the digital program transmits a zero logic signal
to T017, which causes the breakpoint detector to be disabled
by resetting FF07 and which also places integrator A055 in
the reset mode. When the analog computer is put in the
master reset mode, a zero logic signal from Rl' accomplishes
the same thing.
L. FM FUNCTION GENERATOR
Refer to Figure IV-12. Segment slope values appear at
T*J33 and breakpoint values appear at T404. Both are atten-
uated 50$ by potentiometers. Track-hold networks A050 and
A06^4 hold the values of the (N)th segment while the values
of the (N+l)th segment wait at T433 and T404. The slope
value of the segment being generated is multiplied by the
FM function time scale in multiplying digital to analog
converter MDAO and the product appears at T400. The slope
is then fed to integrator A053 which generates the segment.
The segment value, breakpoint, and the slope sign are di-
rected to comparators C01 and C02, which together with the
rest of the FM function generator logic are used to detect


















track-holds track the new segment for approximately 500
microseconds and then hold the new values. After the track-
holds return to the hold mode, values for the next segment
are transmitted to T^33 and T404. After the eighth segment
has been generated, the process is repeated. The generated
function is directed to summer A052 where it is combined
with the signal frequency element, which has been transmitted
to T^05 • This combined frequency function is directed through
amplifier A011 to the periodic wave function generator.
Amplifiers A011 and A052 serve several functions. First,
A052 limits the combined frequency function voltage to the
.linear range of the amplifier. Second, by setting the upper
limit of A052 to a value slightly less than 100 volts, the
combined frequency signal appearing at the output of A011 is
always kept greater than zero (a requirement imposed by the
periodic wave function generator circuit).
M. FM FUNCTION GENERATOR LOGIC
Refer to Figure IV-13. The operation of the breakpoint
detector (CQ1, C02, N2l4, N215, and N4l4) is described in
the section covering the AM function generator breakpoint
detector. When a breakpoint is reached, the change of state
from one to zero at the input of DF00 causes the delay-flop
to generate a 500 microsecond pulse. The output of the
delay-flop (D') is fed through N400 and N100, where it appears
as a reset pulse for flip-flop FF00. The output of FF00





the flip-flop is reset. This action Is necessary to prevent
false triggering of the delay flop when switching from one
segment to the next. The output of FFOO is also fed through
a buffering gate, N201, to TIO^J, where its state is tested
by the digital computer program to determine if the break-
point has been reached. The output of N100 is also fed
through driver D25 to the track-hold networks, A050 and A064,
causing them to track the new segment values for 500 micro-
seconds and then hold the new values. The status of the
track-holds is tested by the digital program at T103 to de-
termine when the new segment values have been tracked and
are being held. When the program determines that the new
segment values are being held, the next segment values are
transmitted to T^04 and T433 (see Figure IV-12) and the pro-
gram transmits a pulse to T105 to' set FFOO and arm the break-
point detector. Zero logic inputs to N4l7 are used to disarm
the breakpoint detector and place integrator A053 in the
reset mode. This action is required when changing from one
function to another, at which time the program transmits a
zero to T020. Placing the analog computer in the master
reset mode or using the digital switch DS1 accomplished the
same thing.
N. SIGNAL TIMER
Refer to Figure IV-14. Flip-flops FF10-13 and FF20-27
are patched to form a binary down counter (the duration
counter) and are used to time the signal being synthesized.




























































represent the binary length of the signal duration, with
the fourteenth corresponding to the 2 bit. They are ini-
tialized by pulses from T001 - T0l4. The fifteenth bit is
initially reset by a pulse from T000. Clock pulses to N4l0
cause the counter to count down, and when the first fourteen
bits reach zero, FF27 changes state. PF27' is fed back to
N4l0 to disable the counter. This condition is sensed at
T131 by the program to determine that the signal has run
for its prescribed duration.
The four-bit preset down counter (at the top of Figure
IV-14), fed by a 10kHz clock, is used to generate the clock
pulse that drives the duration counter through N410. By
changing the preset condition with the thumb switch, fre-
quency division of the 10 kHz clock pulse can be accomplished,
thereby time scaling the duration counter.
0. COMPONENT SETTINGS
The inputs to all amplifiers use a gain setting of one
except the following, which use a gain of ten: A025, A057,
and A06l. .
Feedback capacitors, where used, are as follows:
A025 - 0.001 yF, A031 - 0.010 yF, A037 - 0.010 yF,
A045 - 0.010 yF, A053 - 0.010 yF, A055 - 0.001 yF,
A057 - 0.001 yF, A06l - 0.001 yF.
Potentiometer and delay flop settings are as follows.
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P001 : .0010 P043 : .0500 DFOO
P003 : .5000 P044 • .5000 DF03
P007 .5000 P400 .1000 DF04
P012 . .5000 P401 .8700 DF05
P017 • .7350 P402 .1000 DF06
P021 .5000 P404 .5000 DF07
P022: .5000 P405 .5000 DF10
P023' .5000 Pi|06 .5000 DF12
P024: .5000 P411 .8600 DF13
P031 .5000 Pi|15 .2000















Two simple experiments were attempted in order to test
the operation of the system.
1. Music Synthesis
In the first experiment, some simple sequences were
synthesized to create musical melodies. The purpose of
this experiment was to test the technical operation of the
system rather than to evaluate its practical utility. The
A.M. function was used to simulate the attack and decay
characteristics of a musical instrument and the periodic
wave function was used to set the harmonic content of the
steady state signals. The frequency elements contained the
pitch information and were defined to form an equally tem-
pered scale. Samples of typical functions used are shown
in Figures V-l and V-2. Photographs of typical waveforms
at various places in the analog computer circuitry are shown
In Figure W3. The output of the analog computer was
connected to an amplifier and a loudspeaker.
The system functioned properly and the programming
of simple melodies proved to be fairly easy. While specific
objectives other than to verify the technical operation of
the system were not rigorously pusued, experimenting with
the system in the area of music synthesis did tend to show
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FIGURE V-3 WAVEFORMS FROM ANALOG CIRCUITS
(a)
A025, PW Function Generator —
(PW = periodic wave)
A027, PW Function Breakpoints
)
AO63, PW Timing Signal
A065, PW Timing Signal
A025, PW Function Generator
A021, PW Function Slopes
(d)
A007, AM Function Breakpoints
A055, AM Function Generator
(p)
A001. AM Function Slopes
A055, AM Function Generator
NOTES: (1) Periodic Wave Function frequency = 200 Hz;
AM Function Frequency = 10 Hz.
(2) Time axis is from right to left.
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positive side, the utility of the interactive and real-time
capabilities of the system became evident. Being able to
change one or more of the parameters describing a sound
(such as the periodic wave or A.M. functions) and then
being able to immediately synthesize the modified sound
was very useful in relating the significance of the change
to the difference in the perceived sound. However, if the
system were to be used exclusively for music synthesis, a
specialized input device (such as the keyboard used in
Ashton's interactive organ computer communication network
[2]) would be more appropriate.
On the negative side, working with fixed periodic
functions was a disadvantage in attempting to synthesize
known musical instrument sounds. In many natural musical
instrument sounds, an important factor in providing the
naturalness and distinctive quality of these sounds is the
element of inharmonicity . This inharmonicity is reflected
in changing time domain waveforms from pitch period to pitch
period. In addition, the scarcity of data adequately de-
scribing the individual harmonics (as a function of time)
further complicates the problem.
2. Single Equivalent Formants
In the second experiment, an attempt was made to
synthesize voiced vowel-like sounds using single formant
structures believed to be approximately perceptually equiva-
lent to the multiformant structures of naturally generated
vowel sounds. The synthesis was attempted using the limited
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information on single equivalent formants contained in
Ref. 15 and Ref. 27- In Ref. 15, Focht has shown that a
single equivalent formant combined with voicing and ampli-
tude information can be used to represent all speech sounds.
Reference 27 shows the relationship between the single
equivalent formants and the multiple formants for various
phonemes and was used as the basis for the experiment.
The waveform shown in Figure V-4 (whose frequency
spectrum is shown in Figure V-5) was amplitude modulated
by the sinusoid approximation shown in Figure II-l. The
objective was to translate the spectrum of the first wave-
form through the frequency domain as exemplified by Figures
V-6 and V-7. The frequency of the modulating waveform was
set at about 150 hz to correspond to a typical human voice
pitch. The resulting sounds were recorded and later observed.
The evaluation of the sounds was mostly subjective.
The resulting sounds were not judged to be good approxima-
tions of natural voiced vowel sounds, but were at least
thought to be recognizable approximations. For example the
"U" phoneme sounded more like that phoneme than others. It
should be pointed out that the sounds were observed as iso-
lated phonemes rather than being placed in the context of
words. Since the perception of vowel sounds is partially
dependent on cues provided by adjoining phonemes, it is
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B. GENERAL OBSERVATIONS ON TESTING
In Section I-C, three types of function generators used
in the system were described. To review, in the first type,
two D/A channels were used. The slope and breakpoint of one
segment were transmitted over these channels and then stored
by analog devices. Once stored, the same channels were
used to transmit the data for the next segment. In the
second type, four channels were used. Two channels were
used for one segment and two channels were used for the next
segment. Analog switching devices were used to switch from
one segment to the next. In the third type, eight channels
'were used. All segment slopes were transmitted and then
stored by analog devices. The same channels were then used
to transmit segment breakpoints.
The two specific experiments previously described demon-
strated some of the characteristics of these three types of
function generator circuits. The first type proved to be
useful for functions whose frequencies were below about
75 Hz. The primary reason for this was the time required
for the storage devices to track new values. Also, in this
type, the segment breakpoint was detected by comparing the
amplitude of the segment being generated to the breakpoint
amplitude. Because of this, errors introduced by the digi-
tal quantization of analog values and the nonlinearities
of the analog components resulted in error in the detection
of breakpoints. During one period of the function, the
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errors for individual segments were cumulative, resulting
in a cumulative function frequency error. In general, the
amount of error was proportional to the frequency of the
function.
In the second type of function generator, where four
channels were used, function frequencies up to about 200 Hz
were possible because the circuit did not have to track
segment values but only had to switch from one set of values
to another. Breakpoint detection was also by an amplitude
comparison method, which resulted in frequency distortion.
In the third type of function generator, function fre-
quencies up to about 1900 Hz were possible. This type of
function generator used a comparison between segment time
and breakpoint time to detect breakpoints. As a result,
the distortion of function frequency was minimized but at
the expense of distortion of segment amplitudes. The pri-
mary disadvantage of the third type of function generator
was the time required to switch from one function to another.
While the time was' less than a millisecond, It was still
very significant from a perceptual standpoint, since the
"dead time" in between functions is noticable aurally.
All three types of function generators require that
the integrators that generate the segments be reset between
functions. In the first two types, however, this would not
be a problem if the switching between functions were per-
formed where a segment value coincided with the initial
condition of the next function. In the third type, however,
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a delay is still necessary since all function slopes must
be transmitted before the breakpoints. If enough D/A
channels were available to transmit function slopes and
breakpoints over different channels, this problem could
be avoided.
At this point, some distinctions should be made in the
causes of the limitations of the three types of function
generators used. In the operation of the system, all three
function generators operate simultaneously and the control
of the generators is dependent on the digital as well as
the analog computer programming. Thus, limitations result
partially from the efficiency of the digital program.
Other limitations are the result of the electrical capa-
bilities of the analog components, such as tracking and
recovery times. The development of specialized hardware
or more efficient digital coding could improve overall
efficiency without compromising the perceived quality.
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VI. CONCLUSIONS AND RECOMMENDATIONS
The system displayed considerable utility as an elec-
tro-acoustical tool for the investigation of psychoacousti-
cal phenomena and as an instructive tool. It also showed
itself to be useful in the investigation of time domain
synthesis using first order segment functions. Its inter-
active capability, graphical I/O, and real-time audio
output were some of its more significant attributes.
The interactive nature of the system control functions,
used to direct the hybrid computer system to generate real-
time audio output, was demonstrated to be effective in
experiments which generated musical and voice-like signal
sequences.
The system was, however, not without important limita-
tions. The functions synthesized by the system were limited
to eight segments each. The system's utility would be
significantly improved if functions with a variable number
of segments were permitted. The overall capability of the
system was also restrained by the limited number of analog
computer components and D/A converter channels available.
An inherent disadvantage of the system's synthesis
technique involves the control of the output. Conventional
digital synthesis (using equally spaced first order segments)
is essentially stable. Synthesis using higher order and/or
unequally spaced segments imposes the requirement that the
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output be monitored by the system in order to detect
segment breakpoints.
Because of the difficulties arising from the detection
of breakpoints and the utilization of a limited number of
general purpose analog computer components, it is concluded
that practical application of the technique would be signi-
ficantly improved with the development of specialized
hardware
.
Utilization of a first order segment time domain syn-
thesis technique is also dependent on being able to derive
relatively simple approximations of more complex waveforms.
Perceptually equivalent audio signals can be represented by
a number of different time domain waveforms. For example,
it has been shown that the phase relationship of the fre-
quency components of speech sounds is not important, but
one particular relationship may result in the most simple
time domain waveform. Developing mathematical techniques
to minimize certain time domain parameters, such as the
second and higher 'order derivatives, would be useful in
developing simple time domain models. However, the final
evaluation would still have to be made from a perceptual
rather than a mathematical viewpoint. Another analytical
problem in deriving the time domain functions involves
separating the envelope, or amplitude modulation function,
from the composite signal. Since the spectrum of the enve-
lope usually involves frequencies much less than those of
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the "carrier," a mathematical technique such as cepstral
analysis could be applied.
A final area believed worthy of investigation is that
of combining the time domain synthesis technique with a
frequency domain technique. The parameters that are better
described in each domain could then be controlled by the
corresponding technique. For example, in conventional
speech synthesis, formant and pitch trajectories (as






Prior to putting the system into operation, the follow-
ing steps must be taken. Potentiometers and delay flops
should be set as indicated in Section IV-O. The analog
computer should then be placed in the following state:
POTSET, TIME SCALE, DIGITAL CONTROL.
If the system is loaded from a FORTRAN source tape, it
should be mounted on tape unit two (MT2A) ; if it is loaded
from a core image tape, it should be mounted on tape unit
three (MT3A). The tape containing user definitions to be
initially loaded into the system should be mounted on tape
unit one (MT1A). Sense switch number two should be on.















When the system's programs are compiled using a FORTRAN
source tape, the normal XDS 9300 system control cards should




























When the program begins ' execution, It will type the
following message on the XDS 9300 teletypewriter:
IF STORAGE TAPE NEW, TYPE NEW; IF OLD, TYPE OLD.
An "old" tape means one that has user definitions to be
initially loaded into the system. After the user responds,
the system will remind the user (using the XDS teletype-
writer) to make sure the analog computer has been properly
prepared and will also ask the user to specify which of the
AGT's is to be used. The program GATED should have been
previously loaded and executed in the AGT to be used.
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A time domain oriented technique using periodic functions
composed of first order segments was employed in the developme
i real-time interactive computer audio synthesis system. A ge
purpose analog computer was programmed to create non-monotonic
function generators which are used to generate sequences of pe
functions that can be frequency and amplitude modulated. The
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